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INTRODUCTZON
The problem of representing unsymmetrical faults in a positive sequence network was attacked as soon as the symmetrical components were introduced in stability analysis.
Since Kimbark in 1946 [2] presented the treatment of a dozen of the most common faults by a separate and tedious formation of the necessary equations for each single fault. This method has been used in each textbook ever since (see e.g.
[I] and most recently [4] how mesh equations can be generated automatically for shunt faults, the transition to node equations isolating the boundary between the positive sequence representation and the rest of the system has not been carried through. An attempt by Wedin [SI to solve the problem did not result in a useful method. Therefore, the handling of e.g. combined series and shunt faults, shunt faults involving more than one node, or simultaneous faults has been carried out in a hll three phase representation of the entire inetwork.
The representation of any case -how complicated it might be -seen fiom the positive sequence network is presented here.
This solution allows the determination of any voltage and current in the fault and its amnections to the network. Since the positive sequence representation is coupled to the rest of the system by means of a transformer winding, the voltage over and the current through this winding mirrors the joint influence of all the systems behind this winding. Thm, the impedance which should be added instead of the winding in the positive sequence network is determined.
In this paper the word "bus" is used for a junction in the network (power station, substation etc.). '%de" on the contrary is used internally in a system consisting of three four-winding phase-shifiers coupling together the three symmetric component representations and the three phases representing one bus. To the six accessible nodes the 12 windings are m e r interconnected by means of six internal nodes (see fig. 1A in the appendix).
THE SYSTEM OF PHASE-SHIFTERS
Any unsymmetry in a generally symmetrical network can easily be represented in a three phase representation. When the network must be represented by means of symmetrical components, the unsymmetry, however, results in a coupling between the three during normal operation independent schemes. Such couplings can be represented by means of transformersin the general case phase+hl"fiers. In fig. 1 a combination of three four-windmg transformers connects the three phases (a; b and c) with the three i ml *ces representing the symmetrical components (P; N and Z ) . Only the positive sequence representation is activated by a source. The nodes a, b and c plus ground are available for the representation of any unsymmetric coupling.
0885-8950/97/$10.00 0 1996 IEEE Unfortunately, the transformers a leakage inductance in order to form the node equations combining currents and voltages. This inductance, of course, is a pure computational necessity and must be chosen small enough to prevent inaccuracy in the results, but sufficiently large to prevent numerical problems. For the sake of simplicity the same admittance, Y,, is chosen for all the transformers.
The development of this node adrnittance matrix demands the formulation of a specific tums ratio matrix based on the constant voltagdwinding relation as described in [4] . This technique of classification of const~-ahts dealing with each class separately was introdud in [3].
O b l C
The node admittance matrix i ; , , eq. (11, must be comple ted by adding the symmetrical component representation of the network in the three first diagonal elements, Yner , and the admittances for the fault in the rows/columns correspnding to the phase quantities qaUk i.e.
--
In the appendix the node admittance matrix for the system is developed including all the nodes. First, however, the constraint matrix for the actual transformers is established together w i t h the node incidence matrix. From the full node admittance matrix (A4) the ? , shown below, eq. (l), is calculated using traditional matrix reduction preserving the six external nodes.
qmlt can be illustrated by an example: consider a double Note, that since admittances must be used, only Z, can be zero, whereas Z, and Z, both must represent some small quantity in order to ensure formation of the node admittance matrix Index N refm to the network (symmetrical components) and index F to the fault(s). If the unsymmetries in the two buses are not directly connected (independent simultanwus faults)
In this specific case again the representation of the influence of the unsymmetries towar& the positive sequence network is determined by -leaving out the positive sequence data in Ffof -extracting the positive sequence data from Z,, (i.e. the elements (1,l); (1,7); (7,l) and (7,7)). fig. 3 , reveals that seen fiom node P the remaining part of the network plus the fault are described by means of a single impedance. In case of a lineto-ground fault this mpedance is well known as z = z, + z, + 3 . zfdt
Fig. 3. Positive sequence representation
Here, node P corresponds with the first row/column in the node admittance and impedance matrix. Thus, when leuving out the positive sequence representdion from the node d m i t t m e matrix, the imteme matrix corresponding to node P &sition (1, I)) will give the correct impedmce representing the fmlt md the remaining &a for the network A primitive example is shown in section 5.
When dealing with simultaneous faults or faults involving more than one bus (e.g. both ends of a transmission line) one system of p h a s e s h i h is needed for each bus involved. The necessary number of matrices are arranged along the diagonal in a matrix with 6 . n rows/columns where n is the number of buses involved.
For two buses, i and j, the structure of the node admittance matrix is:
+ If the node impedance msltrix does not exist, a reduction of Y,, to represent the node admittance matrix, F, , treating the positive sequence nodes only, is required. Consequently, in this case again a 2 x 2 matrix.
-
TWO EXAMPLES
First, a simple example is chosen for which the result is well known.
For a bus in a network the short circuit capacity is 1250MVA at 100 kV. The negative sequence and the positive sequence representations are equal (and purely inductive. So, the error is less than 2 '/CO.
The second example deals with a more complicated case in which the two ends of a tmnsmission line have been coupled in different ways as indicated in fig. 4 .
Ye and U,,, are described above. U, = .0025 -j.0228S and U , = -2 .
Here, the admittance matrix is deked as Hence, the odd signs in the mutual admittance.
Forming the node admittance matrix in this case demands application of the node incidence matrkq 2 co-t results were found. In general, an accuracy in the range of a few per cent was obtained. This must be considered satisfactory since it is not much inferior to the general accuracy for many network data. And the conditions in a fault are neither well h o r n nor ideal! How the existence of negative resistance affects numerical properties during the integration is under investigation; anyway the representation In order to check this result the following independent and exact procedure was chosen:
CONCLUSION
The method outlined in this paper, with sufficient accuracy -The network data were converted to phase quantities and the "fault" introduced in this three-phase representation (node impedance matrix).
allows the inclusion of any m A G n e t c a l condition involving one or more nodes to be reprwented in a positive sequence representation. Consequently, the influence of such conditions -The unsymmetrical node impedance matrix was transformed to s y m m e t r i c a l components.
in-the positive sequenie scheme can be simulated accurately.
As a posibility of pure academical interest, the same procedure can be used for the negative or zero sequence scheme as well! Finally, the method allows representation of faults at -The positive sequence part of this matrix was isolated and inverted to form the positive sequence node admittance matrix.
-The positive sequence node admittance matrix for the s y m m e t r i c a l network was subtracted from this matrix and the remains inverted. The difference in result between the two totally independent methods is less than 1%.
Although the threephase algorithm used to test the results found by means of the phaseshifbrs may appear simpler, this method is preferred due to the following reasons:
-it is easy to form the node admittance matrix for the -w,
-a node impedance representation does not necessarily exist in the specific case,
-the inclusion and finally subtraction of the positive sequence network is a source of inaccuracy.
A PRELIMINARY REMARK ON ACCURACY
The small leakage inductances necessitated by the p b shifkrs, natural are a source of numerid error. When choosing the inductance small (Y, = -j300 S), the two examples above show very slight influence on the results. An attempt to change the inductance by a factor 3 up and down gave slight variations in data, but no dramatic deviations h m the any distance fiom the substations to be thoroughly investigated without representing the faulted position itself in the positive sequence scheme.
Therefore, many cases which previously demanded full three phase representation can now be accurately dealt with in a much less expensive manner.
APPENDIX
A 111 description of the procedure is given in [4] but will be resumed below. Here, Ft must contain one admittance per coil excluding the reference coils. Fig. A1 shows the necessary twelve nodes and the leakage admittance which is chosen identically for the nine coils and designated Yt. As reference coils are chosen those in the positive, the negative, and the zero sequence schemes. Applying these matrices to (Al) gives the complete node admittance matrix for the phaseshifters, i.e. $3 -6 -3 6 -3
The node incidence matrix is
(1) appears by removing the 6 last nodes fiom (A4) by means of matrix reduction. The system of phaseshifters for one bus. Branches oriented and numbered. Turns ratios (complex numbers) are specified.
For the sake of simplicity, the leakage succeptances are not displayed. Yt is coupled in parallel with the windings in the nine branches connected between the phase nodes and ground.
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